Introduction and hypothesis The aim of this study was to measure physiologic and psychologic stress reactivity in women with overactive bladder (OAB). There is growing evidence in preclinical models that central nervous system dysregulation, particularly in response to psychological stress, may contribute to lower urinary tract symptoms in women with OAB. Methods Postmenopausal women with OAB and healthy controls underwent Structured Clinical Interview for DSM-IV Axis I disorders (SCID) to identify those without identifiable psychiatric disease. Eligible participants underwent physiologic measures including basal (cortisol-awakening response; CAR) and stress-activated salivary cortisol levels, heart rate (HR), urinary metanephrines and neurotrophins, as well as validated symptom assessment for stress, anxiety, depression, and bladder dysfunction at baseline and during, and following an acute laboratory stressor, the Trier Social Stress Test (TSST).
Introduction
The International Continence Society has defined overactive bladder (OAB) as urgency of urination, with or without urgency urinary incontinence, usually accompanied by frequency and nocturia [1, 2] . OAB is associated with substantial impairment in quality of life [3] [4] [5] , with an economic burden of more than US$65 billion/year [6] . Standard therapy for OAB is often disappointing due to marginal response rates to treatment, high rates of side effects, and low rates of persistence on therapy [7] . Major gaps in our understanding of the pathophysiology of OAB limit novel treatment development. The etiology of OAB remains elusive but appears to be multifactorial.
Comorbid psychiatric disease states, such as anxiety, depression, and stress disorders, are common among patients with OAB [8] [9] [10] [11] and can complicate the understanding of OAB pathophysiology. Preclinical studies emphasize the importance of stress-sensitive connections between Barrington's nucleus, which plays a central role in the brainstem's control over micturition, and peripheral innervation of the urinary bladder [12] . Barrington's nucleus neurons extensively express the stressrelated neuropeptide, corticotropin-releasing factor (CRF), but not its receptor in its spinal projections that regulate the micturition reflex [13, 14] . Moreover, many stressors upregulate CRF messenger RNA (mRNA) expression in Barrington's nucleus [15] [16] [17] , and partial bladder outlet obstruction-a precipitator of OAB-has also been found to upregulate CRF mRNA in Barrington's nucleus [18] . Rodent models of social stress provide a greater mechanistic assessment of the interplay between hypothalamic-pituitary-adrenal axis (HPA-A) activation, and function of pelvic organs but are limited in their face validity when considering the complexity of psychosocial stress, HPA-A function, and voiding behaviors in humans [19] [20] [21] . Several human studies have confirmed that aversive psychosocial conditions including anxiety, depression, and stress states are common among men and women with OAB and other lower urinary tract symptoms (LUTS) [8] [9] [10] [11] 22] ; however, the directionality of this relationship is not entirely clear and may differ between men and women. While the prevalence of OAB among individuals >40 years is similar for both men (16 %) and women (16.9 %) and increases for both sexes with advancing age [5] , the role of stress activation of HPA-A function in the pathophysiology of OAB may be more relevant for women. Compared with men, women are at greater risk for affective disorders, which have been associated in some studies with HPA-A dysregulation [23, 24] . Ovarian hormone fluctuation and deprivation during peri-and postmenopause impacts HPA-A function, neurotransmitters involved in micturition control, and lower urinary tract musculature in a manner that may contribute to risk for LUTS among women [25] . Urinary markers of stress response, including metanephrines and neuropeptides, may serve as identifiable links in brain-bladder connection and warrant exploration.
Referable to these points, we sought to determine whether acute social stress activation of the HPA-A as measured by salivary cortisol levels during performance of the Trier Social Stress Test (TSST) would be greater in menopausal women with OAB compared with healthy controls. We also sought to test the hypothesis that levels of perceived stress during the TSST would be associated with exacerbation of LUTS in women with OAB compared with controls. We chose to focus on women without psychiatric diagnoses in order to minimize the confounders of mental illness on outcomes of interest.
Materials and methods

Participants
Postmenopausal women age 45-75 years diagnosed with OAB were recruited from a tertiary care urology practice. Age-matched healthy controls were recruited from an affiliated women's wellness center. Participants were excluded if they were undergoing treatment for stress reduction; using anxiolytic, hormonal, or antidepressant medications; or reported acute or chronic pain, urinary tract infection, bladder cancer, neurologic, or psychiatric disease. The Institutional Review Board approved this project; all participants gave written informed consent and were paid for their participation.
Eligible participants completed a baseline visit that included clinical assessment and validated questionnaires. An experienced interviewer assessed psychiatric disorders with the Structured Clinical Interview for DSM-IV Axis I disorders (SCID) and excluded participants with identifiable conditions. Eligible participants returned within 2 weeks for visit 2 with salivary samples to measure baseline cortisol awakening response (CAR). During visit 2, participants took the TSST, submitted additional salivary samples for cortisol assessment, and urine samples for urinary catecholamine metabolites (metanephrine, normetanephrine) and neuropeptides [nerve growth factor (NGF); brain-derived neurotrophic factor (BDNF)], and completed additional questionnaires. All participants received follow-up phone calls 1, 3, and 7 days later.
Stress induction procedure
The TSST reliably induces moderate psychological stress, increases peripheral cortisol levels (salivary and blood), and is a well-validated tool for psychobiological research [26] . The TSST protocol consists of several components, including an anticipatory period, public speaking, and mental arithmetic, all of which contribute to physiological response in HPA-A activity that varies depending on the population studied. Experimental sessions were run between 3 p.m. and 4 p.m. to control for circadian fluctuations in cortisol. All participants refrained from smoking, exercise, meals, alcohol, and soft drinks at least 1 h prior to testing. After arrival, urine and salivary samples were obtained and blood pressure and heartrate measured. Patients rested for 30 min after arrival. Salivary samples were obtained T-15 and T-5 min prior to starting the TSST. At T = 0, participants were introduced to the task they would perform. They were led into a room with three persons in white lab coats sitting at a table with video camera and tape recorder present. They were instructed that after a 10-min period of preparation, they would stand in front of the room and give a 5-min speech to convince the committee to hire them for a job. The committee was introduced as experts in nonverbal behavior, and participants were told that audio and video analysis of their interview would be performed. They were then given 10 min to prepare before being escorted back to the committee to begin their speech. If the participant ended before 5 min, they were told they had more time and asked to continue. When 5 min was up, the participant was asked to serially subtract 13 from 1022 as fast and accurately as possible. With each error, the participant was instructed to restart from 1022. After 5 min, the task was stopped. Immediately upon completion of this task (T = +20), participants were escorted back to the quiet room, where additional cortisol samples were collected (T + 30, T + 40, T + 50) and questionnaires were completed.
Behavioral measures
Psychological questionnaires
Self-report questionnaires administered were the Adverse Childhood Experience Questionnaire (ACE) [27] , the Beck Anxiety Inventory (BAI) [28] , the State Trait Anxiety Inventory (STAI) [29] , and the Perceived Stress Scale (PSS) [30] . The ACE provided data on childhood abuse, neglect, and household dysfunction. The BAI assessed both cognitive and physiological symptoms of anxiety in the past month. The STAI assessed trait anxiety, a persistent characteristic of the participant; and state anxiety, which referenced the present level of anxiety symptoms. The PSS assessed the degree to which situations were appraised as stressful. The STAI and PSS were administered both before and after the TSST.
Bladder symptom questionnaires
Bladder symptoms were assessed with the Overactive Bladder Questionnaire (OAB-q) that measures degree of bother from individual bladder complaints as well as health-related quality of life over the last month, and the International Consultation on Incontinence QuestionnaireOveractive Bladder (ICIQ-OAB), which quantifies bladder symptom severity. Acute changes in bladder symptoms were assessed with the visual analog scale (VAS) for urgency with a 10-point Likert scale to assess urinary urgency at the time of questionnaire administration. The timing of administration of the questionnaires and physiologic measures is shown in "Appendix 1."
Physiologic measures
Salivary cortisol
Following the baseline visit, participants were given Salivettes (SalivaBio oral swab, Salimetrics, LLC Inc., State College, PA, USA) for at-home salivary cortisol collection to assess CAR. They were instructed to collect saliva for two mornings before and the morning of their scheduled visit 2. Samples were collected immediately upon awaking and then 30, 45, and 60 min later without brushing their teeth, eating, drinking, or smoking. Samples were stored in the participants' freezers and brought to visit 2 for processing. Participants also provided saliva samples during the TSST at visit 2; serial saliva cortisol samples were collected prior to (T-15, T-5, T = 0) and following T + 30, T + 40, T + 50 min) TSST. Salivettes were stored at −20°C until analysis.
Heart rate
Participants wore a heart-rate monitor throughout the TSST study procedures. Heart rate was documented in beats per minute at the same time points for salivary cortisol collection.
Urinary catecholamines/neuropeptides
Urinary catecholamine metabolites (metanephrine and normetanephrine) and neuropeptides (NGF, BDNF) were measured using enzyme-linked immunosorbent assay (ELISA) on urine samples collected prior to and following TSST. Given the known density of sensory afferents in the bladder, we hypothesized that a common pathway of stress expression may involve urinary solutes. Catecholamines (byproducts of cortisol metabolism) and neuropeptides including NGF and BDNF previously shown to be elevated in some patients with OAB were measured [31] .
Laboratory assays
Salivary cortisol
Salivary cortisol was measured using an antibody-coated tube by radioimmunoassay (RIA) with an interassay coefficient of variation (CV) of 8.2 % and intraassay CV of <5 % (Salimetrics).
Urinary catecholamine/neuropeptides
Concentrations of urinary metanephrine and normetanephrine were measured in parallel by ELISA (DLD DIAGNOSTIKA GmbH, Cat#EA614/192) according to the manufacturer's instruction. The assay was run using 96-well plates and 10 μl of urine from each patient. The optical density (OD) values were read at 450 nm within 10 min after stopping the reaction using a Biotek Synergy 2 plate reader (BioTek Instruments Inc., Winooski, VT, USA). BDNF and NGF levels were measured by ELISA (Promega Cat#G7611, Cat#G7630) using 100 μl of urine taken from participants before and after TSST. Concentration of catecholamine metabolites and neuropeptides in urine was normalized to the concentration of creatinine measured by ELISA (R & D Company Cat#KGE005) to allow comparisons across different urine concentrations. All urine samples were run in duplicate.
Statistical analysis
Data was checked for normality prior to analysis. Distributions of the main salivary outcome variables (CAR, salivary cortisol response to TSST) and urinary outcome variables (NGF, BDNF) were skewed and thus were log transformed prior to analysis. Nonparametric tests were used for other nonnormal variables. Bivariate correlation, chi-square, and independent sample t tests were used to examine group differences in demographic factors and outcome variables. A post hoc power calculation was conducted to detect change in salivary cortisol between time +50 and time −5 for the TSST given seven controls and 11 women with OAB. The standard deviation (SD) for this change was 0.48. Assuming a type I, alpha, error of 5 %, this study has 80 % power to detect a difference between the two groups in salivary cortisol change of 1 SD that is 0.48.
CAR was calculated as mean salivary cortisol for four time points (awakening, 30, 45, and 60 min later) for 3 consecutive days and analyzed for between-group differences using repeated measures analysis of variance (RM-ANOVA), Heart rate response to TSST was also analyzed using RM-ANOVA. With respect to the TSST, cortisol values for T-15 and T-5 were averaged to obtain a baseline cortisol level for each participant, and a linear mixed-effects model was used to calculate the slope of change in cortisol level across the TSST in each group. This method accounts for the correlation among women over time similar to the RM-ANOVA model; however, it assumes a linear trend for cortisol values from preto post-TSST and does not require imputation of missing values if a given cortisol sample was insufficient for quantification, and it has increased statistical power over the RM-ANOVA model. Data analyses were carried out using SPSS software, version 20 (SPSS Inc., Chicago, IL, USA) and Stata v14, (Stata Corporation, College Station, TX, USA).
Results
Participant characteristics
Eighteen participants signed consent; 11 women with OAB and seven controls completed the TSST and provided all questionnaires, salivary, and urine samples. Table 1 reports demographic information and measures. Women in the OAB group were significant older (p = 0.05), had more years since their final menstrual period (p = 0.04), and had fewer years of education (p = 0.02) than women in the healthy control group. None of the participants were smokers. Seven were using anticholinergic bladder medications, which are not felt to impact the HPA-A response. Baseline SCID interviews confirmed lack of DSM-IV psychiatric disease in both groups. Baseline validated questionnaires demonstrated similar scores 2) in controls (p = 0.003), with higher scores indicating better HRQL. The OABq HRQL subscales measured coping behavior, concern, sleep, and impact on social activities, all of which were significantly worse in patients with OAB compared with controls.
CAR and TSST outcomes
Mean CAR at each time point across 3 days suggested a blunted CAR in women with OAB based on repeatedmeasures analyses (p = 0.015, Fig. 1 ). Figure 2a shows means and SDs for raw cortisol values by group for each time point during the TSST. With respect to salivary cortisol response to the laboratory stressor, we observed a significant group difference in the slope of change in cortisol across the TSST (p = 0.019). In the OAB group, salivary cortisol increased linearly throughout the experiment (slope estimate 0.0045, p < 0.001), while women in the control group did not display a significant change in cortisol over the study (slope estimate 0.00039, p = 0.773) (Fig. 2b ). There was a main effect of TSST for heart rate (p < 0.0001), but no between-group differences in the degree to which heart rate increased across the laboratory stressor (p = 0.84) (Fig. 3) .
VAS scores for urinary urgency from pre-to post-TSST significantly increased among women with OAB (p = 0.04); there was no change in the control group. STAI-S showed no significant change pre-to post-TSST in either group (p = 0.12, Table 2 ).
No differences in urinary metanephrines were detected between groups at baseline or following TSST; repeated measures ANOVA of log-transformed data showed no main effect or group × time interaction (p = 0.66, Table 2 ). Despite the rise in salivary cortisol following TSST, no rise in urinary normetanephrines was detected overall (p = 0.08) or by group (p = 0.19). Log-transformed BDNF (pg/ml) was higher in controls (M = 37.2) than in OAB participants (M = 2.7) pre-TSST but not post-TSST; there was no significant between groups in BDNF change score (p = 0.34). Log -transformed NGF (pg/ml) did not show main effects or group × time interaction (p = 0.14).
Exploratory analyses
As exploratory analyses, percent change in salivary cortisol from minimum to maximum during the TSST was assessed in relation to psychological measures. Cortisol percent change was positively and significantly correlated with Beck Depression Inventory (r = 0.58, p = 0.02) and BAI score (r = 0.69, p = 0.004) at visit 2, or with STAI-S (r = 0.51, p = 0.05) following the TSST.
Discussion
In this first study to examine basal and stress-activated HPA-A function in women with OAB, we observed several biological and clinical differences between them and healthy controls, supporting our hypothesis that stress plays an important and understudied role in the pathophysiology and subjective experience of OAB. While basal HPA-A function reflected by the CAR was blunted in women with OAB compared with controls, the relatively greater and prolonged salivary cortisol response to the laboratory stressor and the accentuation of urinary urgency among women with OAB highlights a clinically meaningful relationship between stress responsivity and LUTS in these women. The dissociation between basal and stressactivated HPA-A function observed in the OAB group is not uncommon, as reported by Kudielka and Wüst [32] . Some previous, but not all, studies have shown that factors such as whether a collection morning be a work day or weekend, age, reproductive status, chronic stress, or noncompliance with collection instructions contribute to observed flattening of the CAR [32] . However, it would be unlikely that there were systematic differences between the OAB and control groups in our study to account for the finding of blunted CAR in the OAB group. Furthermore, blunted CAR in the context of heightened cortisol response to stress has been found in patients with posttraumatic stress disorder, suggesting common pathophysiologic mechanisms between OAB and anxiety disorders [22] .
It is not surprising that both groups experienced a similar autonomic response to the stressful nature of the TSST, as the social-evaluative nature of the TSST robustly triggers the autonomic nervous system [26] . This finding and the similar ratings on the subjective measure of state anxiety after the TSST suggest that the procedure itself provoked anxiety in both groups equally and that autonomic response to stress in the OAB group is intact.
While there were differences HPA-A response between the groups, baseline measures of anxiety (BAI, STAI) were comparable, suggesting this response is not the result of an underlying psychosocial condition. Furthermore, women with OAB experienced greater exacerbation in urgency symptoms around the stressor when compared with their baseline and with the control group. In exploratory analyses, cortisol change with TSST was greatest in those who reported the greatest psychological stress during the laboratory stressor. Together, these results suggest that women with OAB may represent a population with increased physiologic and psychologic stress reactivity that may benefit from additional modalities of therapeutic intervention for treatment of their bladder symptoms. Further, stress reactivity in patients with OAB may be a testable measure that predicts response to standard OAB treatment, thus allowing phenotyping and selective intervention for patients who may be resistant to standard pharmacologic interventions. Behavioral interventions including stress reduction and mindfulnessbased meditation may have biologic plausibility and provide patients with a nonpharmacologic treatment intervention to control a condition that may be with them for a lifetime.
Urinary catecholamines did not show elevated expression in either group following TSST, which may be due to timing of the measure and use of voided specimens that reflect all the urine produced since the last void. Further studies of urinary expression are needed to understand this relationship. As mentioned, the sample size is an important limitation in this study, but the significance of these preliminary data suggest that this is an important avenue for continued investigation. Likewise, these data cannot be generalized to the entire population of women with OAB, as we limited our sample to those women without comorbid psychiatric disorders. As this was meant to be a proof of concept study, we believe that it was critical to reduce psychiatric factors that influence basal and stress-activated HPA-A function. Though the healthy control group was somewhat younger and more recently postmenopausal than the OAB group, both groups were hypogonadal, reducing the likelihood that age or time since final menstrual period played a significant role in our findings [33] . Similarly, the small but significantly higher educational attainment in the control group is unlikely to have contributed to our findings. A previous study examining the impact of education found that cortisol levels across the TSST session were on average greater among those with more, not less, education. We found no differences between groups during the post-TSST recovery, yet it was during the test that we observed the greatest difference between healthy controls and women with OAB [34] .
Products of stress response including cortisol act on the central nervous system to produce physiologic response including elevated blood pressure and heart rate. The impact of these specific physiologic responses on the bladder remains unknown, but this study suggests a link between cortisol activity and bladder urgency, which potentially may be driven by a greater cortisol reactivity to stress in women with OAB syndrome. This study warrants replications in a larger sample in which covariates can be adequately controlled.
Conclusion
Women with OAB have blunted baseline physiologic measures of cortisol as reflected in CAR and greater physiologic responsiveness to stress as measured by salivary cortisol following TSST. These findings add to our emerging understanding of the complex interactions among stress, HPA-A activity and OAB. Evaluation of markers of stress response may provide future targets for potential diagnostic and therapeutic interventions for the treatment of OAB.
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